Experiments in the field and greenhouse were conducted in the presence of coal fly ash to determine whether gypsum can reduce Se concentration in alfalfa (Medicago sativa L.). In the field experiment, conducted at a coal fly ash landfill, 11.2 t ha l gypsum was applied to soil as a top dressing to test the effect of gypsum in reducing selenium (Se) concentration in aboveground plant tissue. There were four treatment combinations of gypsum over a two year period, 1990 and 1991: (0, 0), (0, 11.2) (11.2, 0) and (11.2, 11.2). In 1991, the Se concentration was lower in alfalfa grown with gypsum, regardless of whether the gypsum was applied in both years or in only one year, indicating that the effect of gypsum application in the first year persisted into the second year. Since there was no increase in aboveground biomass with added gypsum, differences in Se concentration reflect a competitive interaction between S and Se. In the greenhouse experiment, 12 soil treatments were tested: three levels of fly ash (0, 10 and 20%) in combination with each of four levels of gypsum (0, 2.5, 5, and 7.5%). The Se concentration in alfalfa grown in 10% fly ash declined linearly with increasing gypsum dose, resulting in a reduction in Se concentration of 0.04-+0.02/xgg -1 for each 1% gypsum added for the first harvest and 0 . 0 6 -+ 0.03 p~gg-1 for each 1% gypsum added in the second harvest. Based on these results, gypsum may prove useful as a management tool to reduce the uptake of Se by plants growing on coal fly ash landfills.
Introduction
Up to 120 million tons of fly ash are produced annually as a byproduct of coal combustion for the generation of electric power in the United States (US Environmental Protection Agency, 1988) . Of this, 75 to 80 percent is disposed in landfills (US Department of Transportation, 1986) . These landfills normally are covered with about 0.5 to 1.0 m of soil and then seeded with a mix of forage species. Coal fly ash contains most naturally occurring elements (Page et al., 1978) ; the concentration of Se in fly ash ranges from 1.2 to 17/xg g t (Furr et al., 1977) . Some species of plants growing on fly ash landfills can accumulate Se in concentrations that reach the range of chronic toxicity to mammals (Arthur et al., 1992a,c; Weinstein et al., 1989) . As a result of this finding, we tested whether gypsum (CaSO 4 • 2H20 ) application to soil could mitigate Se uptake by plants.
The mitigation of Se uptake by plants from soils by the addition of sulfur (S) has been known for more than 50 years (Hurd-Karrer, 1938) . Due to the similar chemical properties of S and Se, sulfate can compete with selenate in plant uptake. In some cases, applications of S have reduced Se uptake (Hurd-Karrer, 1938; Pratley and McFarlane, 1974; Singh et al., 1980; Westerman and Robbins, 1974) . However, studies of the effects of S or SO 4 application on Se uptake have shown that other factors, such as initial soil S content and plant species, affect the response (Davies and Watkinson, 1966; Mikkelsen et al., 1988) . Reducing the uptake of Se by plants through surface applications of sulfate can be delayed until the sulfate moves through the soil into the rooting zone. Thus, short-term experiments may miss effects of S on Se uptake (Mikkelsen et al., 1988) . Another complicating factor is that a decrease in Se concentration in foliage can result from dilution as well as decreased uptake. Such a dilution effect has been observed in alfalfa (Medicago sativa L.) following S application, either as SO 4 fertilizer or as gypsum (CaSO4-2H20), due to fertilized plants having increased shoot growth without a concomitant increase in Se uptake (Pratley and McFarlane, 1974; Walker, 1971; Westerman and Robbins, 1974) . From an ecological perspective, total uptake of Se from a fly ash layer could be as important as Se concentration in aboveground biomass.
Gypsum application to plots of alfalfa on a fly ash landfill in 1990 indicated that gypsum can reduce Se uptake (Arthur et al., 1992b) . No change in Se concentration of alfalfa grown with added gypsum was detected four weeks after gypsum application, but a significant decrease in Se concentration was detected 7 weeks later, indicating a time lag in the response. In that study we did not measure dry matter production and, thus, could not evaluate whether the decrease in Se concentration in alfalfa was a dilution effect.
We conducted two experiments in 1991 to examine the mitigative effects of gypsum on Se uptake by plants with coal fly ash as a source of Se. A field study was designed to determine whether (1) there are residual effects of gypsum treatment from the previous year, (2) the response changes with a second year of gypsum application, and (3) the decreased Se in alfalfa after gypsum application results from decreased Se uptake. The great spatial variability in the availability of Se on the landfill (Arthur et al., 1992b) prompted us also to investigate the mitigative role of gypsum applied to soil containing fly ash in a greenhouse setting. The objective of the greenhouse study was to test for a decrease in Se uptake by alfalfa grown in mixtures of soil with known amounts of gypsum and fly ash.
Materials and methods

Field study
Study site
The field study was conducted at a coal fly ash landfill located in Lansing, NY, 22 km north of Ithaca, NY. The landfill, which was completed in 1978, was constructed with 45 to 60 cm of soil overlying approximately 17 m of fly ash. Alfalfa was established in 1988 and all harvests reported here are from fourth year growth of the crop. The primary roots of alfalfa plants extended to the fly ash layer but did not penetrate more than 1 to 2 cm into it (personal observation, M Arthur). During site preparation for establishing forage crops, care was taken to avoid penetration of the ash substratum to prevent contamination of the soil cover with fly ash. However, some contamination may have occurred 10 years previously when the landfill was closed.
Experimental design
Alfalfa (Medicago sativa L.) variety Oneida VR (Agway, Syracuse, NY) was established in 1988 on the landfill in three blocks. One plot of alfalfa (3.05 m × 6.10 m) occurred in each of the blocks. In 1990, as part of a previous study (Arthur et al., 1992b) , each of the three alfalfa plots on the landfill were subdivided into four quadrants (subplots) and each of the four gypsum doses (0, 5.6, 11.2, and 16.8 t ha -1) was assigned at random to one of the four subplots.
In the 1990 study, Se uptake by alfalfa was significantly lower when grown on plots treated with gypsum than on those without gypsum (Arthur et al., 1992b) . However, no difference in response could be detected among the 5.6, 11.2, and 16.8 t ha -I gypsum doses. Hence, in 1991 we limited gypsum applications to 0 and 11.2 t ha -~. Using the plots from the 1990 study, we selected only those that had received 0 or l l . 2 t h a -1 in 1990 and split them in half, producing 3.05 m × 3.05 m plots. In 1991, each 3.05 m × 3.05 m halfplot was selected at random to receive a dose of 0 or 11.2tha -~, resulting in the following twoyear treatment combinations: (1) 0 gypsum, 1990; 0 gypsum, 1991; (2) 0 gypsum, 1990; 11.2 t ha -~, 1991; (3) 11.2 t ha -1, 1990; 0 gypsum, 1991; (4) l l . 2 t h a 1, 1990; l l . 2 t h a -~, 1991. In 1991, the gypsum was applied at the beginning of the growing season (April 12).
Sample treatment
Harvest dates were timed to correspond with commercial alfalfa harvests. Samples were handclipped from three 0.1 m 2 areas that were selected at random from each plot. Then the plots were mown to a 10-cm stubble and allowed to regrow. The three cuttings of alfalfa occurred on June 3, July 16, and August 27, 1991.
Sampling and analysis
All plants were dried at 40°C to prevent loss of Se through volatilization (Fourie and Peisach 1977) , weighed, and ground in a stainless steel mill to pass a 1 mm sieve. Plant tissues were analyzed for Se by the diaminonaphthalene fluorometric method (Olson 1969) , and for Ca and S using a Jarrel Ash inductively-coupled argon plasma analyzer (ICP). For S and Ca analyses, samples were wet-ashed with HNO 3 and HC10 a by heating to 200°C for two hours. After cooling, 37% HCI was added and the sample analyzed by ICP.
In each batch of 12 samples submitted for Se analysis, one or two samples of a standard tissue were submitted for analysis, for a total of 11% of all plant samples analyzed, to test for analytical precision. Two standard tissues were used interchangeably, a mixture of clover and orchard grass harvested from the landfill in 1988 (0.53 m 0.03 p~g g-~) and alfalfa harvested from the landfill in 1990 (2.92m0.06 ~g g -l ) . In addition, analytical accuracy was tested by analyzing National Institute of Standards and Technology reference samples. levels of gypsum (0, 2.5, 5, and 7.5%). Three pots of each of the 12 soil treatments were arranged in a completely randomized experimental design.
Sample treatment
The soil for this experiment, a Hapludalf (association Lima-Honeoye), was collected from the Cornell University farm in Aurora, NY. Soil was sieved through a 12-mm mesh and mixed with fly ash and gypsum on a dry weight/dry weight basis to produce the 12 treatment combinations. The soil mixture was separately weighed and thoroughly mixed for each pot. The soil was well-watered so that all subsidence within the pots would occur prior to seeding. Pots were seeded with alfalfa (Medicago sativa L.) variety Oneida VR (Agway, Syracuse, NY), and all pots were watered as needed to prevent plants from wilting throughout the experiment. Alfalfa was thinned to 16 plants per pot by 40 days after germination.
Alfalfa plants were harvested when approximately 20% of pots had fowering plants, at 74 days and 118 days after planting. The plants were cut to approximately 8cm above the soil surface. There were two harvests of alfalfa; in the second harvest only the treatments with 10 and 20% fly ash were analyzed. Samples were dried, ground, weighed, and chemically analyzed as described for the field experiment.
Statistical analyses
Statistical analysis of the data from each experiment was performed using the General Linear Models procedure in SAS (SAS Institute Inc. 1985) with a model statement appropriate to the experimental design. F-tests for a split-unit design (field experiment), or those for a factorial design (greenhouse experiment), were used to test differences in Se concentration in alfalfa among gypsum treatments.
Greenhouse study
Results
Experimental design
The greenhouse experiment had a factorial treatment design, with each of 3 levels of fly ash (0, 10, and 20%) in combination with each of 4
Field experiment
For all harvests, higher mean concentrations of Se were found in alfalfa growing with no gypsum application (0 gypsum in both 1990 and 1991) than in alfalfa grown in plots treated with gypsum at some time in the 2 seasons (Table 1) . However, differences among the four treatment combinations were statistically significant in the second harvest (July) only. For the June and August harvests, there was no significant interaction ( p > 0.1) between the 1990 and 1991 gypsum treatments, indicating that any additional reduction in Se concentration with the 1991 gypsum application was similar for alfalfa grown with and without gypsum in 1990. However, for the July harvest there was some evidence of an interaction between the gypsum doses in the two years ( p = 0.1006, Se concentration; p = 0.0400, Se content). The large standard errors for Se concentration are similar to those for alfalfa grown in these plots in the three previous years (Arthur et al., 1992b) .
In the second harvest there was a strong indication of a residual effect from application of gypsum in one year into the next year, resulting in reduced Se concentration in alfalfa grown with gypsum ( p = 0.0764 and 0.0930 for content and concentration, respectively, July harvest). Because of the split unit experimental design, to test for an overall effect of the 1990 application of gypsum, the average Se concentration must be compared across treatments applied in 1991 (Table 2 ). The overall effect of the 1990 treat- There was no increase in aboveground biomass in plots that received gypsum (data not shown). Thus, the reductions in Se concentration in plants treated with gypsum were not the result of a dilution effect caused by increased growth, but by an actual decrease in Se uptake.
As expected, the effect of gypsum application on concentration of S in alfalfa was the inverse of that on concentration of Se: S concentration was lowest when no gypsum was added in 1990 or 1991 (Table 1 ). In the first harvest (June), this was due both to an increase in S concentration caused by the 1990 application of gypsum (Table  2 ; p =0.0283) and to an effect of additional application of gypsum in 1991 (Table 1 ; p = 0.0094), indicating both a carryover effect of gypsum applied in the previous year and an additional incremental increase in S associated with application in the current year. In the second harvest, differences among treatments were due to the 1990 application only (Table 2 ; p = 0.0201); thus the carryover effect dominated the concentrations of S in alfalfa from the second harvest of 1991. In the third harvest (August), there was a significant interaction between the gypsum doses in the two years ( p =0.0578). There was an overall effect of 1990 application of gypsum with average S concentration higher for the l l . 2 t h a ~ treatment ( p = 0 . 0 0 8 1 ; Table 2 ). In the June harvest there was a strong inverse relationship between S and Se (partial correlation coefficient -0.94, p = 0.0166). In the July harvest the relationship was weaker (partial correlation coefficient -0.64, p = 0.2352). In the August harvest, the relationship between S and Se was not significant ( p =0.7981). Thus, the inverse relationship between S and Se concentration in alfalfa disappeared as the growing season progressed.
There was no seasonal trend in Se concentration of alfalfa treated with gypsum. For alfalfa that did not receive gypsum in either year, there was a trend for the concentration of Se to increase with successive cutting through the season (Table 1 ; p = 0.0496). There was a weak seasonal trend toward higher S concentration with successive cutting for all treatment combinations ( p = 0.0980). The lack of a strong inverse relationship between S and Se concentrations in alfalfa tissue in the second and third harvests can be explained by the slight increase in S with successive cuttings (or time) without a similar decrease in Se. The significant increase in Se with time for alfalfa not treated with gypsum also weakens the inverse relationship between S and Se concentrations as the season progresses. As observed in the 1990 experiments, gypsum treatments did not affect Ca concentration. Hence, gypsum application appears to affect S and Se uptake by alfalfa without affecting Ca concentrations in alfalfa.
Greenhouse experiment
At the first harvest (74 days), Se concentration in alfalfa increased linearly with increased doses of fly ash when grown without gypsum amendment ( p = 0 . 0 0 0 1 ; see column 1 of Table 3 ). The concomitant increase in concentration of Se in alfalfa with increasing amounts of fly ash supports our field observations that alfalfa accumulates much more Se when grown on a fly ash landfill than on a control site (Arthur et al., 1992a; Weinstein et al., 1989) . Plant concentration of Se was not affected by gypsum when fly ash was not present (see row 1 of Table 3 ). For the treatments with 10% fly ash there was a significant negative linear response to added gypsum, with a reduction in Se concentration of 0 . 0 4 + 0 . 0 2 ixgg -~ per 1% gypsum added ( p = 0.0286). There was no significance to anything other than a linear dose response, despite similar Se concentrations in both the 5 and 7.5% gypsum doses ( p = 0.8760 for the quadratic). For the treatments with 20% fly ash, there was no significant reduction in plant concentration of Se with added gypsum (Table 3) .
Similar results were obtained at the second harvest (118 days). Selenium concentration in alfalfa declined linearly with increasing levels of gypsum amendment only for soil with 10% fly ash ( p = 0.0375; Table 3 ). A reduction of 0.06 -+ 0.03 txg g-~ Se per 1% added gypsum was found. Again, there was no statistical evidence for a quadratic relationship (p =0.2026), and there was no significant reduction in Se concentration of alfalfa grown with gypsum added to soil with 20% fly ash (Table 3) . Although there was no statistically significant curvilinearity in the doseresponse for 10% fly ash in either harvest, the data indicate a tapering off of the decline in the concentration of Se at the highest level of gypsum. The concentration of Se in alfalfa was significantly greater in the second harvest than in the first ( p = 0.0151, Table 3 ).
There was no effect of gypsum addition on aboveground biomass for either harvest (data not shown). Thus, a dilution effect was not the cause of reduced Se concentration with added gypsum in the treatments with 10% fly ash.
When no gypsum was present, the S concentration in alfalfa increased slightly with increased fly ash ( p = 0.02058; see column one of Table  3 ). At 74 days, there was no significant effect of gypsum treatment on S concentration in alfalfa grown in soil with 10% or 20% fly ash ( p = 0.1308 and 0.9351, respectively). However, for alfalfa grown in soil without fly ash, the S concentration was significantly greater in plants grown with added gypsum than without ( p = 0.0001; see row one Table 3 ). At 118 days, there was a significant increase in S concentration of alfalfa grown with increasing gypsum addition to the soil containing 10% fly ash ( p = 0.0010), but no increase when grown with 20% fly ash ( p = 0.7546; Table 3 ).
The concentration of Ca in alfalfa declined linearly (0.05_+0.02% per 1% gypsum added) with increasing levels of gypsum added to soil for the 0 and 10% fly ash treatments in the first harvest ( p = 0 . 0 0 3 7 and 0.0074, respectively; data not shown). No significant decrease in the concentration of Ca was found with increasing gypsum for alfalfa grown in soil with 20% fly ash ( p = 0.2654). The decline in Ca concentration in alfalfa with increasing gypsum dose in the first harvest for 0 and 10% fly ash are small and may not be of biological significance.
Discussion
In the greenhouse experiment, the presence of a significant negative linear response to added gypsum for the treatments with 10% fly ash demonstrates that amending soils with gypsum can be an effective method of reducing Se uptake by alfalfa. The lack of a response for the treatments with 20% fly ash may be due to insufficient S addition to the soil. We have noted previously (Arthur et al., 1992b ) that in field experiments, additional increments of gypsum may not significantly reduce Se concentration. Nevertheless, it is possible to demonstrate a clear linear response of Se concentration to gypsum in the controlled environment of the greenhouse, working with known combinations of fly ash and gypsum, with little variation in Se concentration for each treatment. Further experimentation could focus profitably on estimating the appropriate gypsum dose to achieve the desired reduction in Se concentration. However, actual recommendations should be based on field trials, not on greenhouse experiments, because of the much greater array of factors influencing the interaction between S and Se in a field.
Despite the large local variation in Se concentration of alfalfa grown on the landfill, there was a strong indication that the reduction in Se concentration in alfalfa that results from the application of 11.2 t ha -1 gypsum persists into the second year, rendering application of gypsum in two consecutive years unnecessary to achieve an ecologically meaningful reduction in Se concentration. Selenium concentrations were reduced to levels well below the concentrations considered to cause chronic toxicity to mammals when ingested in the diet (5 to 15/xg g 1; Mayland et al., 1989) .
Apparently we achieved the maximum reduction in Se concentration possible through the application of gypsum, because additional gypsum in the second year did not result in significantly lower Se concentrations in alfalfa. In addition, the lack of decline through the season in Se concentration of alfalfa treated with gypsum, despite an increase in S concentration, indicated that the competitive interaction between S and Se possibly occurs at a lower level of soil S concentration. Other researchers have noted that additional S is most effective in reducing Se concentration in plants when S availability is initially low (Davies and Watkinson, 1966) . Thus, adding S to soil that contains adequate S for plant nutrition may not reduce uptake of Se, despite increased plant concentrations of S with subsequent addition of S to the soil. Also, a decrease in plant Se concentration with S addition to the soil typically is detected only with high Se concentrations in the soil (Milchunas et al., 1983; Spencer, 1982) . Thus, additional increments of S may not reduce Se concentrations below a given level, which probably varies among crops, soils, and Se source.
Alternatively, it is possible that alfalfa roots, which we know extend 1 to 2 cm into the fly ash, continue to access Se directly from the fly ash, and that gypsum additions at the surface cannot compete with Se uptake by those roots. The effect of S additions on Se uptake at this site may be limited by the depth of the roots and the ability of the gypsum to penetrate the full depth of the soil cap.
Based on these results and our previous investigations (Arthur et al., 1992b,c) gypsum might prove useful as a management tool to reduce the uptake of Se by plants growing on coal fly ash landfills. The results from the field experiment demonstrate that surface application of gypsum can mitigate Se uptake. If gypsum were applied before seeding, and the land tilled after application, the mitigation of Se uptake might occur sooner. Selenium uptake also could be mitigated by identifying and planting only those plant species that do not take up Se as readily as alfalfa or root as deeply as alfalfa, limiting rootfly ash contact. For example, concentrations of Se in brome grass (Bromus inermis Leyss) and fescue (Festuca pratensis Huds.) on four fly ash landfills did not exceed 0.50/xg g-~ (Weinstein et al., 1989) . A predominance of those species as cover on fly ash landfills could greatly reduce Se uptake from the fly ash.
